− , triple negative) 1 . Although hormonal and targeted therapies improve the survival rate of patients with ER + or HER2 + breast tumors, endocrine drug-resistance is usually the main reason to limit therapeutic effects [2] [3] [4] . Triple negative breast cancer is very difficult to treat due to the fact that few targeted therapy exist and the use of chemotherapy has a poor prognosis and high side effects 5 . For overcoming toxicity and drug resistance, combination therapies strategy is often used to treat triple-negative breast cancers 6 . All-trans retinoic acid (ATRA), a natural active derivative of vitamin A, has been widely investigated in preclinical and clinical trials to be used in the treatment of breast cancer [7] [8] [9] . ATRA inhibits breast cancer cell growth and prevents mammary carcinogenesis in animal models with the induction of cell apoptosis and cell-cycle arrest 10 . Luminal and ER + breast cancer cells are generally more sensitive to ATRA than basal phenotype (triple negative) and HER2 + breast cancer cells
Breast cancer, a heterogeneous disease, is generally classified into three subtypes according to the receptor expression: estrogen receptor/progesterone receptor (ER + /PR + ), human epidermal growth factor receptor (HER2 + ) and without the three markers expression (ER
− , triple negative) 1 . Although hormonal and targeted therapies improve the survival rate of patients with ER + or HER2 + breast tumors, endocrine drug-resistance is usually the main reason to limit therapeutic effects [2] [3] [4] . Triple negative breast cancer is very difficult to treat due to the fact that few targeted therapy exist and the use of chemotherapy has a poor prognosis and high side effects 5 . For overcoming toxicity and drug resistance, combination therapies strategy is often used to treat triple-negative breast cancers 6 . All-trans retinoic acid (ATRA), a natural active derivative of vitamin A, has been widely investigated in preclinical and clinical trials to be used in the treatment of breast cancer [7] [8] [9] . ATRA inhibits breast cancer cell growth and prevents mammary carcinogenesis in animal models with the induction of cell apoptosis and cell-cycle arrest 10 . Luminal and ER + breast cancer cells are generally more sensitive to ATRA than basal phenotype (triple negative) and HER2 + breast cancer cells 11 . Thus, combination strategies are currently being explored to enhance chemopreventive activity of RA and reduce RA toxicity in breast cancer 12 . Indeed, studies have found that combination of ATRA with curcumin or ascorbic acid reduces retinoid effective concentration and overcomes the development of retinoid resistance on breast cancer cells 13, 14 . ω-3 Polyunsaturated Fatty Acids (ω-3 PUFAs) which contain EPA, DHA and ALA, are associated with lower incidence of the breast, colorectum and prostate gland cancer due to induction of cell apoptosis and inhibition of cell proliferation [15] [16] [17] . As natural components, ω-3 polyunsaturated fatty acids and their metabolites are one of ligands or agonists of nuclear receptor peroxisome proliferator-activated receptor gamma (PPARγ) which is cooperatively able to form heterodimeric complex with retinoid X receptor (RXR) 18, 19 . Moreover, nuclear receptor RXR transduces retinoic acids signaling to inhibit the growth of breast cancer cells 20 .
1
A recent paper has shown a positive effect of combined ATRA with DHA on the induction of apoptosis in breast cancer MCF7 cells 21 . However, whether ω-3 FFAs could alleviate the ATRA resistance in three subtypes of breast cancer cells remains elusive. In the present study, we reported that the combination of ω-3 polyunsaturated free fatty acids (Free Fatty Acids form, ω-3 FFAs) and ATRA leads to a synergistic inhibition of cell growth and induction of cell apoptosis in three subtypes of human breast cancer cell lines, including RA resistant cell line MDA-MB-231. Combined treatment induced cell cycle arrest due to possible alternative expression of cell cycle related genes and exhibited synergistic chemopreventive effects on cell apoptosis via the caspase-dependent signaling pathways but not p53. These results suggest that combination of ω-3 FFAs and ATRA would be a promising approach for triple negative breast cancer chemotherapy.
Results

ω-3 FFAs and all-trans retinoic acid synergistically inhibit the cell growth. Previous work has
shown that ω-3 FFAs suppress breast cancer cell growth in a dose dependent manner, promoting us to ask whether ω-3 FFAs is able to enhance the ATRA sensitivity to breast cancer cells 22, 23 . To address this, we first examined the effects of ω-3 FFAs and ATRA on breast cancer cell growth. Three subtypes of human breast cancer cell lines (ER +
MCF7, HER2
+ SK-BR-3, triple-negative HCC1806 and MDA-MB-231) were exposed to ω-3 FFAs and ATRA at a range of dose (20 μmol/L to 160 μmol/L for ω-3 FFAs, and 5 μmol/L to 40 μmol/L for ATRA), respectively. On day 3 following treatment, cell proliferation was evaluated by CCK8 and cell counting assays to quantify cell viability. The number of cells was dramatically decreased by high-dose ω-3 FFAs (160 μmol/L) or ATRA (40 μmol/L) treatment when compared with control, while low dose of 80 μmol/L ω-3 FFAs or 20 μmol/L ATRA induced a slight reduction of cell number in MCF7, SK-BR-3 and HCC1806 cells (Fig. 1a,b and Supplementary Fig. S1a-c) . These results indicate that ω-3 FFAs and ATRA dose-dependently inhibits cell growth, respectively. Consistent with literature, ATRA had no significant inhibitory effect in MDA-MB-231 cells (Fig. 1a,b and Supplementary Fig. S1a ) 24 . However, the number of three subtypes of breast cancer cells was significantly reduced when 80 μmol/L ω-3 FFAs combined with 20 μmol/L ATRA, compared with the same concentration of single ω-3 FFAs or ATRA, suggesting a synergistic effect of ω-3 FFAs/ATRA on cell growth (Fig. 1c,d and Supplementary Fig. S1d,e) . Taken together, Values represent the mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. these results strongly suggest that ω-3 FFAs and ATRA inhibit synergistically cell growth of not only ER + and HER2 + but also triple negative breast cancer cells.
Cell cycle arrest.
To investigate whether cell cycle arrest causes the inhibition of cell growth, we first analyzed cell cycle progression following treatment with single ω-3 FFAs, ATRA and combination of ω-3 FFAs/ATRA by flow cytometric approach. Compared with untreated cells, each drug individually led to no dramatic change in cell cycle distribution ( Fig. 2a and Supplementary Fig. S2a ). However, combination of ω-3 FFAs/ATRA induced a significant accumulation of cells in the G0/G1 phase coupled with a marked reduction of cells in the S and G2/M phase of cell cycle ( Fig. 2a and Supplementary Fig. S2a ). Previous study has shown that p21, p27 and cyclin D1 play important roles in the regulation of cell-cycle arrest 25 . To investigate whether G1 cell cycle regulatory molecules are involved in cell cycle arrest during ω-3 FFAs and ATRA treatment, we examined the expression of p21, p27 and cyclin D1 proteins following treatment. Immunoblotting results showed that the expression of cyclin D1 in all three subtypes of breast cancer cells was not dramatically altered by ω-3 FFAs, ATRA and combination of ω-3 FFAs/ATRA treatment ( Fig. 2b and Supplementary Fig. S2b ). No dramatic change in the expression of p21 and p27 was also observed following single drug treatment. However, compared to single reagents, the combination of ω-3 FFAs and ATRA decreased markedly the expression of p21 and p27 in both MCF7 and SK-BR-3 cells, indicating a synergistic suppression effect on p21 and p27 expression ( It is well known that cleaved PARP and reduction of Bcl-2 act as key indicators of cell apoptosis 26 . To investigate whether the cleavage product of PARP and the expression of Bcl-2 could be altered by single drugs or combination treatment, we examined the protein level of both cleaved-PARP and Bcl-2 in cells following the treatment with single ω-3 FFAs, ATRA and combination of ω-3 FFAs/ATRA. Immunoblotting analysis revealed that combined treatment of ω-3 FFAs and ATRA decreased dramatically Bcl-2 protein levels and increased significantly the level of cleaved-PARP in a time dependent manner compared with single regents, which showed a synergistic effect of ω-3 FFAs/ATRA on the expression of both PARP cleavage and Bcl-2 ( Fig. 3b and Supplementary  Fig. S3b ). Thus, these results suggest that combination of ω-3 FFAs and ATRA synergistically induces breast cancer cell apoptosis. p53 is not required for cell apoptosis. Previous work has shown that mutant and wild-type p53 proteins are degraded through overlapping but distinct pathways, and downregulation of mutant p53 protein leads to cancer cell death 27, 28 . Consistently, we observed significantly decreased level of p53 protein in p53-mutant SK-BR-3, HCC1806 and MDA-MB-231 cells but not in p53-wild type MCF7 cells after combined treatment of ω-3 FFAs and ATRA (Fig. 4b,c and Supplementary Fig. S4b,c) . However, p53 mRNA levels remained significantly unchanged and were not affected by combined treatment of ω-3 FFAs and ATRA in SK-BR-3, HCC1806 and MDA-MB-231 cells ( Fig. 4a and Supplementary Fig. S4a ). In contrast, p53 mRNA level was upregulated but protein level was not altered by treatment with combination of ω-3 FFAs and ATRA in MCF7 cells (Fig. 4a-c) . Thus, the degradation of p53 protein is possible to explain the difference of between p53 mRNA and protein levels following combined treatment in the four cell lines. To address this issue, we first attenuated the two proteolysis processes of lysosome-dependent and ubiquitin-dependent signals with lysosomal inhibitor chloroquine (CQ) and proteasome inhibitor MG132, respectively. The combination-induced cytotoxicity was evaluated by cell counting assays and PARP cleavage levels were used to monitor cell apoptosis. Although p53 protein was significantly accumulated by MG132 or CQ inhibitors treatment in the four cell lines, the number of apoptotic cells was dramatically unchanged compared with no inhibitors treatment cells (Fig. 4d,e and Supplementary Fig. S4d,e) , suggesting that p53 is not involved in the induction of cell apoptosis by combination of ω-3 FFAs/ATRA.
Caspases mediate the induction of cell apoptosis. Since p53 is not involved in cell apoptosis induction, it promotes us to ask whether caspase signals are necessary for the induction of apoptosis by combination of ω-3 FFAs and ATRA. To address this, we used the pan-caspase inhibitors BOC-D-FMK and Z-VAD-FMK to treat three subtypes of breast cancer cell lines and then examined cell apoptosis 29 . Cell counting assays and flow cytometry analysis showed that both cytotoxic and apoptotic cell number induced by combination were significantly Values represent the mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001.
reduced by BOC-D-FMK and Z-VAD-FMK inhibitors compared with no inhibitor treatment cells (Fig. 5a,b and Supplementary Fig. S5a,b) . Moreover, as expected, the production of PARP cleavage was identically abrogated when cells were exposed to caspases inhibitors ( Fig. 5c and Supplementary Fig. S5c ). Thus, these results indicate that caspase signals might be involved in cell death induced by combination of ω-3 FFAs and ATRA. Indeed, cleaved caspase-3 was observed in SK-BR-3, HCC1806 and MDA-MB-231 cells with combination of ω-3 FFAs and ATRA, compared with single ω-3 FFAs or ATRA treatment ( Fig. 5d and Supplementary Fig. S5d ). Total and cleaved caspase-3 proteins were not observed in caspase-3 deficient MCF7 cells 30 . Therefore, the most possible cause is that the presence of other apoptosis executioners such as caspase-6, -7, -9 might act as functionally compensative molecules for caspase-3 absence 31, 32 . Indeed, down-regulation of total caspase-6 and caspase-7 proteins was observed in three subtypes of breast cancer cells when exposed to combination of ω-3 FFAs and ATRA, while the expression of caspase-9 was unchanged with combined treatment (Fig. 5e and Supplementary Fig. S5e ). Overall, these results strongly indicate that caspase-6 and caspase-7 signals are required for the induction of cell apoptosis by combination of ω-3 FFAs and ATRA in three subtypes of breast cancer cells, while caspase-3 might also be involved in the induction of cell apoptosis in SK-BR-3, HCC1806 and MDA-MB-231 cells.
Discussion
Although all-trans retinoic acid has been widely used to treat several cancers, its antitumor effect is compromised due to intrinsic potential cytotoxicity and drug resistance when high dosage is applied in breast cancer 10, 33, 34 . Therefore, it is unlikely that ATRA will be an effective drug for triple negative breast cancer therapy when used as a single agent, and that the development of RA-based combination strategy is crucial to enhance ATRA chemopreventive efficacy for the treatment of breast cancer.
There are several lines of evidence indicating that the administration of ω-3 PUFAs or its metabolites exerts directly growth-inhibitory and apoptosis-inducing effect on different types of cancer cells in vitro and in vivo, including breast cancer 15, 35, 36 . And ω-3 PUFAs have also displayed a capacity for enhancing the efficacy of cancer Values represent the mean ± SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001. chemotherapy drugs, such as ATRA, tamoxifen and docetaxel, et al. 21, [37] [38] [39] . Here, we provide evidence that ATRA in combination with ω-3 FFAs synergistically induces cell growth inhibition in all three subtypes of breast cancer cells. ER negative breast cancer cells with low RARα expression are usually resistance to retinoid drugs and poorly responsive to all-trans retinoic acid treatment 11, 40 . However, in our study, ATRA combined with ω-3 FFAs exhibited similar effects in RA-resistant and -sensitive breast cancer cell model. Our data indicated that combined treatment of ATRA and ω-3 FFAs would become potential chemoprevention agents against in three subtypes of breast cancer cells due to enhancing ATRA sensitivity.
Cell cycle checkpoints are essential control mechanisms that ensure the correct execution of cell cycle events 41 . In breast cancer, the cyclin-dependent kinase inhibitors p21 and p27 are important in cell-cycle control and as potential tumor suppressor genes 25 . Consistent with previous studies, the expression of cell-cycle associated protein p21 and p27 was observably increased in HCC1806 and MDA-MB-231 cells. On the other hand, previous studies have shown that anti-apoptotic effect of p21 and p27 is another function for oncogenic activities [42] [43] [44] . Consistent with these studies, p21 and p27 expression were significantly decreased in MCF7 and SK-BR-3 cells. Therefore, down-regulation of p21 and p27 may induce apoptotic cell death in MCF7 and SK-BR-3 cells, while up-regulation of them may induce cell-cycle arrest in HCC1806 and MDA-MB-231 cells, supporting cell cycle progression in a different way of three subtypes of breast cancer cells 45 . Apoptosis in cancer cells is another mechanism to cause cell growth inhibition. Apoptosis, an active cell suicide process, is divided into two categories: caspase-dependent and caspase-independent process 46 . In most cases, a caspase-dependent action is mediated via the mitochondrial-dependent intrinsic and the death receptor-mediated extrinsic pathways. Caspases are crucial mediators of apoptotic process and caspase-3 is a frequently activated death protease, catalyzing the specific cleavage of many key cellular proteins, such as the cleavage of PARP 47 . In our study, addition of the pan-caspase inhibitor BOC-D-FMK and Z-VAD-FMK prominently diminished the effects of ω-3 FFAs and ATRA co-treatment on cell viability and PARP cleavage. Although we observed cleaved caspase-3 in SK-BR-3, HCC1806 and MDA-MB-231 cells, MCF7 cells without caspase-3 still triggered the apoptosis. Thus, other caspases such as caspase-6 and -7 might replace the role of caspase-3 to regulate programmed cell death 48 . Consistently, we observed a significant reduction of total caspase-6 and -7 in three subtypes of breast cancer cell lines after combination treatment, suggesting that caspase-6 and -7 might be involved in the induction of synergistic pro-apoptotic activities.
The tumor suppressor gene p53 stimulates a wide network of signals that may inhibit the growth and activate extrinsic and intrinsic pathways to regulate cell apoptosis 49, 50 . Although there are p53 mutations that result in 'loss of function' to eliminate the tumor suppressing effects, many mutations of p53 in human cancers are 'gain-of-function' mutations that promote tumorigenesis [50] [51] [52] . Accumulated mutant p53 proteins are recognized to actively contribute to tumor development and metastasis and promoting the removal of mutant p53 proteins in cancer cells may have therapeutic significance. The degradation of mutant p53 proteins was an innovative mechanism that induced cell death via a unique pathway 27, 53 . In SK-BR-3, HCC1806 and MDA-MB-231 cells, p53 mRNA level was unchanged with whether single agent and combination treatment or not. However, the p53 protein level was reduced significantly compared to the mRNA level, indicating that protein degradation might be involved in the downregulation of p53 protein levels. Therefore, the reduction of p53 protein represented the antitumor effect of the combination treatment on SK-BR-3, HCC1806 and MDA-MB-231 cell lines with p53 mutations. However, p53 was significantly reduced by the combination treatment of ω-3 FFAs and ATRA, the related apoptosis was not rescued by the proteasome inhibitor MG132 and lysosomal inhibitor chloroquine (CQ), indicating the combination treatment triggered apoptosis in a p53-independent of manner.
In conclusion, the present study provided an evidence of the synergistic anticancer effect of ω-3 FFAs and ATRA on ER-positive, HER2-positive and triple negative breast cancer cells (MCF7, SK-BR-3, HCC2806 and MDA-MB-231) via induction of cell cycle arrest and apoptotic cell death. The synergistic effect was partially triggered by caspase-dependent apoptosis pathway but not p53. These findings indicate that combined chemotherapy of ω-3 FFAs with ATRA is beneficial for enhancement of ATRA chemopreventive activity in breast cancer cells. Additionally, in clinical trials, ATRA alone induces side effects including muco-cutaneous dryness, central nervous system, liver toxicity especially hypertriglyceridemia and it also develops ATRA resistance, which limit ATRA use in therapy for breast cancer 54 . Since ω-3 FFAs could reduce serum triglyceride level, combination of ω-3 FFAs and ATRA may be a good strategy for overcoming ATRA side effects in the prevention and treatment of breast cancers. Further studies need be performed to verify the combination treatment effect in vivo and to explore their pharmacological mechanism in the future.
Material and Methods
Cell culture and treatments. Breast cancer cell lines MCF7, SK-BR-3, HCC1806 and MDA-MB-231 were purchased from cell bank of China. Cells were maintained in RPMI 1640 (HCC1806) and DMEM (MCF7, SK-BR-3 and MDA-MB-231) media (Gibco, USA) with 10% FBS (Gibco, USA) and 100 µg/ml penicillin/streptomycin in a humidified atmosphere containing 5% CO 2 at 37 °C. Cell viability assay. CCK8 assay and cell counting method were performed to evaluate cell viability. Cell Counting Kit 8 (CCK8) was purchased from Dojindo Molecular Technology (Tokyo, Japan). For CCK8 assay, cells were cultured in 96-well plates at a density of 5000 cells per well in 100 μl medium. ω-3 FFAs, ATRA and the combination were added into the wells and incubated for 72 h. Then, cells were added 10 μl CCK8 substrate and incubated for another 3 h at 37 °C. The optical density was measured at 450 nm on a microplate reader Multiskan GO (Thermo Scientific, USA). For cell counting method, cells were cultured in 6-well plates and treated in the same way. Then, cells were digested by trypsin and then counted by blood platelet count.
Flow cytometer analysis of cell cycle and apoptosis. Cell cycle was determined with propidium iodide staining method. Propidium iodide was purchased from Sigma-Aldrich (St. Louis, USA). Annexin V-FITC/propidium iodide (PI) apoptosis detection kit was purchased from BD Pharmingen (San Diego, USA). Cells were treated for 24 hours and collected to fix in 70% ethanol and stored at 4 °C prior to cell cycle analysis. After the removal of ethanol by centrifugation, cells were washed with PBS twice and then stained with a solution containing 100 μg/ml RNase A, 0.2% Triton X-100 and 50 μg/ml propidium iodide. For cell apoptosis analysis, following treatment with 48 hours, aliquots containing 1 × 10 5 cells in 100 μl buffer were stained with 5 μl PI solution and 5 μl FITC-conjugated Annexin V for 15 min at 37 °C. After staining, 400 μl Binding buffer was added to the cells, and samples were stored on ice until data acquisition. All analysis was performed by Life Attune NxT Flow Cytometer (Life Technologies, USA) with Novo Express Software (ACEA Biosciences Inc., China).
Immunoblotting. Whole cells were lysed by lysis buffer (RIPA buffer contains protease inhibitors and phosphatase inhibitors). Protein concentrations were determined by using a BCA Protein Assay Kit. Equal amounts of protein were electrophoretically separated in 10% SDS-polyacrylamide gels, and then transferred onto PVDF membranes (Millipore, Beijing, China). The membranes were blocked with 5% fat free milk for 1 h at room temperature, further incubated with appropriately diluted primary antibodies (1:1,000) overnight at 4 °C and probed with secondary peroxidase-labeled antibody for 1 h at room temperature. Antibodies for PARP (9532S), Caspase-3 (9662S), Caspase-6 (9762S), Caspase-7 (12827S), Caspase-9 (9662S) were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies for Bcl-2 (12789-1-AP), p21 (10355-1-AP), p27 (25614-1-AP) and CyclinD (60186-1-Ig) were purchased from Proteintech (Chicago, USA). Antibodies for p53 (sc-126) and β-actin (sc-47778) were purchased from Santa Cruz Biotechnology (California, USA). The proteins were visualized by Plus-enhanced chemiluminiscence using FluorChem FC3 (ProteinSimple, USA). Data were presented by cropped blots bands.
Quantitative real-time PCR. Total RNA was extracted from cells using TRIzol following manufacturer's protocol and cDNAs were synthesized by a RT kit (PrimeScriptTM RT Master Mix). Primers of p53: 5′-CAGCACATGACGGAGGTTGT-3′, 5′-TCATCCAAATACTCCACACGC-3′ and β-Actin: 5′-GGCATCCACGAAACTACATT-3′, 5′-AGCACTGTGTTGGCATACAG-3′ were used to perform Q-PCR with Absolute Q-PCR SYBR Green Mix (64035520, Bio-Rad, USA) by using CFX ConnectTM Real-Time System (Bio-Rad, USA). Absolute Q-PCR SYBR Green Mix was purchased from Bio-Rad (California, USA). PrimeScriptTM RT Master Mix was purchased from TakaRa Bio (Kusatsu, Japan).
Statistical Analysis.
All experiments were performed at least three times and data were presented as mean ± SD. One-way ANOVA with Dunnett's post-test was performed (*P < 0.05; **P < 0.01; ***P < 0.001).
